The effects of tissue heterogeneity on the es timation of regional cerebral glucose utilization (rCMRglc) in normal humans with [18p]2-fluoro-2-deoxY-D-glucose ([18p]PDG) and positron emission tomography (PET) were compared with respect to the various kinetic models of the [18p]PDG method. The kinetic models were con ventional homogeneous tissue models of the [18p]PDG method, with (4K Model) and without (3K Model) a rate constant to account for an apparent loss of [lsp]2-fluoro-2-deoxY-D-glucose-6-phosphate (rtSp]PDG-6-P) , and a tissue heterogeneity model (TH Model) . When either of the kinetic models designed for homogeneous tissues was applied to heterogeneous tissues, estimates of the rate constant for efflux of [lsp]PDG from the tissue (kD and of the rate constant for phosphorylation of rtSP]PDG (kj) decreased as the duration of the experimental period was increased. When the 4K Model was used, estimates of the rate constant for the apparent dephosphorylation of P8p]PDG-6-P (k:) were significantly greater than zero and fell with increasing duration of the experimental pe riod. Although the TH Model included no term to de-Abbreviations used: DG, 2·deoxY·D·glucose; DG·6·P, 2·deoxY·D·glucose·6·phosphate; FDG, 2·fluoro·2·deoxY·D· glucose; FDG·6·P, 2·fluoro·2·deoxY·D·glucose·6·phosphate; FWHM, full width at half·maximum; PET, positron emission tomography; rCMRglc' regional CMRg1c; ROI, region of interest.
Summary:
The effects of tissue heterogeneity on the es timation of regional cerebral glucose utilization (rCMRglc) in normal humans with [18p]2-fluoro-2-deoxY-D-glucose ([18p]PDG) and positron emission tomography (PET) were compared with respect to the various kinetic models of the [18p]PDG method. The kinetic models were con ventional homogeneous tissue models of the [18p]PDG method, with (4K Model) and without (3K Model) a rate constant to account for an apparent loss of [lsp]2-fluoro-2-deoxY-D-glucose-6-phosphate (rtSp]PDG-6-P) , and a tissue heterogeneity model (TH Model) . When either of the kinetic models designed for homogeneous tissues was applied to heterogeneous tissues, estimates of the rate constant for efflux of [lsp]PDG from the tissue (kD and of the rate constant for phosphorylation of rtSP]PDG (kj) decreased as the duration of the experimental period was increased. When the 4K Model was used, estimates of the rate constant for the apparent dephosphorylation of P8p]PDG-6-P (k:) were significantly greater than zero and fell with increasing duration of the experimental pe riod. Although the TH Model included no term to de-scribe an apparent dephosphorylation of [lsp]PDG_6_P, the fit of the TH Model to the time course of total tissue radioactivity was at least as good as and often better than the fit of the 4K Model in the 120-min period following the pulse of rtSp]PDG. Hence, the high estimates of k: found in PET studies of � 120 min can be explained as the con sequence of measuring radioactivity in a heterogeneous tissue and applying a model designed for a homogeneous tissue; there remains no evidence of significant dephos phorylation of [lsp]PDG_6_P in this time period. Purther more, use of the 4K Model led to an overestimation of rCMRglc; whole-brain glucose utilization calculated with the 4K Model was >20% higher than values usually ob tained in normal humans by the model-independent Kety-Schmidt technique. rCMRglc was accurately esti mated by the TH Model and, in experimental periods sufficiently long to minimize the effects of tissue hetero geneity , also by the original 3K Model of the deoxyglu cose method . Key Words: Apparent glucose-6phosphatase activity-k:-Modeling-Rate constant es timation-Rate constants.
Kinetic models currently used with [18p]2-fluoro-2-deoxY-D-glucose ([18p]PDG) and positron emis sion tomography (PET) for the determination of re gional cerebral glucose utilization (rCMRg\c) in hu mans are essentially the same as the kinetic model of the 2-deoxY-D-glucose (DG) method originally designed for use with quantitative autoradiography in the rat (Sokoloff et aI., 1977) . The models of the DG method and its derivative, the PDG method (Phelps et aI., 1979; Reivich et aI., 1979) , apply only to a localized region of tissue that is homogeneous with respect to rates of blood flow, transport of hexoses across the blood-brain barrier, glucose metabolism, DG or PDG phosphorylation, and concentrations of DG or FDG, glucose, and 2deoxy-o-glucose-6-phosphate (DG-6-P) or 2-fluoro-2-deoxy-o-glucose-6-phosphate . In au toradiographic studies with [14C]DG, it is possible to examine selectively small regions of interest (ROIs) with a quantitative spatial resolution of �200 IJ.-m [2 x full width at half-maximum (FWHM)] that approach homogeneity. In contrast, the spatial resolution of most currently used PET scanners is no better than 4.5-6.5 mm FWHM, and inhomogeneity is introduced into the individual vol ume elements due to partial volume effects as well. Nearly all tissue regions studied with a PET scan ner, therefore, contain mixtures of kinetically dis similar tissues, including mixtures of gray and white matter that have very different rates of blood flow, transport, and metabolism.
The original two-compartment, three-rate con stant model of the DG method (3K Model) assumes that DG-6-P, once formed, is effectively trapped in the tissue for the duration of the experimental pe riod. In the rat the experimental period of 45 min was chosen to be as long as possible to minimize influences of errors arising from simplifying as sumptions implicit in the design of the model and from estimates of the values of the rate constants on the calculated rate of glucose utilization and yet to be short enough for loss of product to remain insig nificant (Sokoloff et aI., 1977) . In humans total tis sue radioactivity following a pulse of eSF]FDG was reported to decline after 120 min, indicating loss of product (Phelps et aI., 1979) . Because of the slow single-ring PET scanners available at that time, the kinetic model of the DG method was modified for use with long experimental periods by the addition of a term to account for loss of product due to as sumed dephosphorylation of eSF]FDG-6-P (Phelps et aI., 1979) . This model contains four rate con stants (4K Model) and is based on the simplest, but arbitrary, assumption that the dephosphorylation of eSF]FDG-6-P is a first-order process, i.e., that be ginning at zero time, a constant fraction (kS) of the total product recycles back to the precursor pool per unit time. On the basis of current knowledge of intracellular compartmentation, first-order kinetics of eSF]FDG-6-P dephosphorylation is highly un likely (Schmidt et aI., 1989) . Furthermore, with modern PET instrumentation, scans can be com pleted in much shorter time periods, often between 30 and 60 min following the pulse of [lsF]FDG; yet, even though there is no evidence for loss of [18F]FDG-6-P in this time interval, the 4K Model continues to be widely used. When rate constants for the 4K Model are determined in dynamic studies of �60 min, the estimates of k! are significantly J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 greater than zero (see, e.g., Lammertsma et aI., 1987; Kuwabara and Gjedde, 199 1) and often ex ceed the estimates of k! that were originally deter mined in studies lasting �3 h (Huang et aI., 1980; Reivich et aI., 1985) .
We recently reported on the basis of simulation studies that following a pulse of DG the finding of a significant k! may be due not to significant dephos phorylation of DG-6-P but rather to the conse quences of measuring radioactivity in a heteroge neous tissue and applying a kinetic model designed for a homogeneous tissue (Schmidt et aI., 1991a) . Furthermore, the use of the 4K Model in heteroge neous tissues may lead to an overestimation of rCMRglc (Schmidt et aI., 199 1a) . The purposes of the current study were to determine from actual experimental data obtained in normal humans whether the finding of a significant k! in short-and intermediate-duration FDG/PET studies, previ ously attributed to dephosphorylation of [lsF]FDG-6-P, might instead be an artifact of tissue heteroge neity and also to identify the most appropriate ki netic model to be used for the determination of rCMRg1c' Conventional homogeneous tissue models of the FDG method, with and without a rate con stant to describe an apparent loss of [lsF]FDG-6-P, were compared with a heterogeneous tissue kinetic model with various time intervals up to 120 min following a pulse of eSF]FDG ( Fig. 1 ).
MATERIALS AND METHODS

Subjects
Six human subjects, five men and one woman, with a mean age of 31 years (range 23-39 years) , who were healthy and normal as determined by medical and neuro logical examination, were studied. Prior to the PET stud ies, the subjects signed an informed consent describing the purpose and the risks involved in the study. Permis sion for the study was issued by the Ethics Committee of the Institute H. San Raffaele, Milan, Italy.
Radiochemistry
[lsF]Fwas produced by proton bombardment of an ISO-enriched water target in a CTIISiemens RDS 112 cy clotron (Siemens/CPS, Knoxville, TN , U.S.A.). The syn thesis of pSF]FDG was carried out according to the method of Hamacher et al. (1986) with a compact auto mated module connected to the cyclotron. Procedures to evaluate radiochemical purity and chemical quality were carried out on samples of the [lsF]FDG in isotonic, buff ered physiological saline routinely by HPLC , etc. , ac cording to methods previously described (Bida et al., 1984; Hamacher et aI., 1986) . The [ISF]FDG was found to be >98% radiochemically pure, sterile , and pyrogen-free.
PET studies
[lsF]FDG/PET scans were performed with a four-ring whole-body positron emission tomograph (model 931104-12; Siemens/CPS) . The subjects were in a resting state FDG from the arterial plasma to the heterogeneous brain tissue, and k;(t) and k'3(t) are effective rate "constants" for efflux and phosphorylation of C8F]FDG in the mixed brain tissue at any time t. The effective rate "constant" for efflux at time t is defined as the rate of efflux of [ 18F)FDG from the mixed tissue to the plasma at time t, divided by the concen tration of [ 18F)FDG in the tissue at time t. Similarly, the effec tive rate "constant" for phosphorylation of C8F)FDG equals the rate of phosphorylation divided by the concentration of C8F)FDG in the heterogeneous tissue. As a consequence of with eyes open and ears unplugged. Each study was started with insertion under local anesthesia of a 20-gauge Teflon catheter into a radial artery. The subjects were then positioned on the scanner bed with their heads im mobilized by a customized head holder. Positioning of the subject's head was achieved with the aid of laser beams and skin marks. One lO-min transmission scan was car ried out with an external 68Ge ring source. Each subject then received an intravenous pulse of -100 )..L Ci/kg body wt of [18p]PDG. Simultaneous acquisition of data from seven equally spaced transaxial planes (four direct and three cross planes; slice thickness 6.75 mm) parallel to the orbitomeatal line, including structures between the basal ganglia and the centrum semiovale, covering an axial field of view of 5.4 cm was carried out. In three of the subjects scanning proceeded sequentially according to the follow ing schedule: five scans of 1 min each, six scans of 5 min each, one scan of 10 min, 2-to 3-min delay , one scan of 10 min. Scanning was completed within 60 min after injec tion of the tracer. In three additional subjects scanning proceeded according to the following schedule: five scans of 1 min each, five scans of 2 min each, 21 scans of 5 min each, for a total scanning time of 120 min. Timed arterial blood samples were collected following the [18p]PDG ad ministration up to the end of the PET scanning. Each blood sample was rapidly centrifuged and the plasma glu cose and 18p concentrations assayed. Por the present study, scans were reconstructed with a Hann filter with a cutoff frequency of 0.5 cycle/pixel. Under these condi tions the spatial resolution in the image plane was 8 mm PWHM. Each image was reconstructed on a 128 x 128 matrix with a pixel size of 1.56 mm. Correction for atten uation of the 511-ke V 'I-rays by the tissue was performed with the coefficients obtained from the transmission scan. Seven ROIs each consisting of a whole image plane and -60 circular ROIs 1.6 cm in diameter covering the plane 4.5 cm above the orbitomeatal line were drawn on the image from the final emission scan (Pig. 2A) and then transferred to the images from each of the other emission scans to obtain the time course of total radioactivity in each ROI . The ROIs chosen represent both large regions clearly containing mixtures of gray and white matter as well as ventricular space and small, probablY less hetero geneous regions with diameters of 2 PWHM, the mini mum size at which the recovery coefficient is adequate for accurate quantification (Hoffman et aI., 1979) . Total radioactivity measured by the PET scanner was then cor rected for radioactivity in the blood as follows:
(1) the tissue heterogeneity k;(t) and k'3(t) decline with time and approach a constant value when all the homogeneous sub regions of the mixed tissue reach equilibrium with the arte rial plasma (Schmidt et aI., 1991a) . The TH Model approxi mates the effective rate "constants" k;(t) and k'3(t) by expo nential functions as follows:
where k;A and k'3A are the mass-weighted averages of the rate constants for efflux and phosphorylation, respectively, in the homogeneous subregions of the heterogeneous brain re gion, and c< and 13 are constants used to characterize the decline of k;(t) and k'3(t).
where C*(n is the 18F concentration in the brain tissue at time T, Ct(n is the total 18F concentration measured by the PET scanner at time T, C�(n is the 18F concentration in the blood in the brain, and Wb/Wt is the ratio of blood weight to tissue weight in the scanned ROI. In this study, C�(n was calculated from the 18F concentration mea sured in the arterial plasma on the basis of an assumed hematocrit in the cerebral vessel s of 30% (Cremer et aI., 1983 ) and a distribution ratio for glucose between red cells and plasma of 0.33 as measured in this laboratory.
Estimates of the blood/tissue weight ratios used in this study were based on measurements of blood volume that ranged from 0.006 to 0.014 in dissected rat brain (Cremer et aI., 1983) . Since major vessels were excluded from the blood volume measurements in the rat and PET cannot exclude large vessels, the blood/tissue weights in the PET study were estimated to be three times the corresponding values in the rat. A value of 0.04 was used for the blood/ tissue weight ratio for regions containing major vessels; 0.03 for the whole image plane and for the cortical ribbon and subcortical gray matter; and 0.02 for those regions that were predominantly white matter. Estimates of the kinetic rate constants are not, however, very sensitive to errors in the assumed value for cerebral blood volume.
Evans et al. (1986) have shown, for example , that errors in the estimate of Kj are <5%, errors in k� are < 10%, and errors in kj are negligible when the true cerebral blood volume is between 0.02 and 0.06, but the value of 0.04 has been assumed in the fitting procedure .
Rate constant estimations
For each whole image plane , a weighted nonlinear least-squares procedure, according to the Levenberg Marquardt method (Press et aI., 1986) , was used to esti mate the rate constants for the 3K (Sokoloff et aI., 1977) and 4K (Phelps et aI., 1979) homogeneous tissue models from the total tissue radioactivity data for 10 time inter vals, i.e., 0-15 min, 0-20 min, 0-25 min, ... ,u p to 0-60 min. Rate constants for the Tissue Heterogeneity Model (TH Model) (Schmidt et aI., 1991a) were determined over the time intervals 0-45 and 0-60 min. To find the rate constants of the TH Model, one-dimensional search for the minimum of the weighted residual sum of squares was used to find the value of the rate constant � by a golden section search algorithm (Press et ai., 1986) . At each step of the search, i.e., for each trial value of �, a nonlinear least-squares procedure was used for determination of the remaining model parameters. In the three subjects stud ied for a total of 120 min, rate constants were also esti mated for the 3K and 4K Models over 12 additional time intervals ranging from 0-65 to 0-120 min and for the TH Model over the time intervals 0-90 and 0-120 min. For each of the �60 small circular ROIs in each subject, rate constants for the 3K and 4K Models were also deter mined for each of the time intervals listed above and for the TH Model at 90 and 120 min. Weights used in all fitting procedures were the estimated standard deviations of the total tissue radioactivity concentrations (Budinger et ai., 1978) . Arterial plasma [18F]FDG concentrations were linearly interpolated between sample time points. The integrated total tissue radioactivity from the start time to the end time of the scan was calculated for each model by numerical solution of the model differential equations by a fourth-order Runge-Kutta procedure with adaptive step size control (Press et ai., 1986) . All partial derivatives with respect to each of the model parameters, as required by the nonlinear least-squares fitting proce dure, were determined by numerical solution of the cor responding partial derivatives of the model equations.
Tests for goodness of fit
To determine whether the fit of the data by the 4K Model was significantly better than that of the 3K Model, and whether the fit of the TH Model was significantly better than that of the 3K Model, an Ftest for comparison of nested models was used (Landaw and DiStefano, 1984) . For each ROI and each time interval, the F value was computed as 
and SC WRSS + P In (N)
where N, P, and WRSS are as defined above. The model with the smallest Akaike information or Schwarz crite rion is considered to provide the best fit to the data with the fewest parameters.
Calculation of rCMR g \c
To evaluate the impact of the choice of kinetic model on the computed rate of glucose utilization, rCMRglc was calculated 45, 60, 90, and 120 min following the pulse of [18F1 FDG for each ROI according to each of the opera tional equations of the 3K Model, the 4K Model, and the TH Model as follows:
3K Model. The equation used for calculation of rCMRgic at any time T was that of Sokoloff et ai. (1977) :
where C*(n is the measured mass-weighted average total tissue radioactivity at time T; Kf, ki, and kj are the rate constants for transport of FDG from plasma to tissue, for efflux of FDG from tissue to plasma, and for phosphory lation ofFDG to FDG-6-P in the tissue estimated from the 
where c*(n, Cp, and LC are as defined above; Kf, ki, and kj are the rate constants estimated from the 4K
Model; and C:(n and C:;.,(n are the concentrations of FDG and FDG-6-P, respectively, in the tissue at time T estimated by the 4K Model (Eqs. 6--10, Phelps et ai., 1979) . Although the estimate of the rate constant for de phosphorylation (k!) does not appear explicitly in Eq. 6, it has been incorporated into the computation of C:(n and C:;.,m. TH Mode!. At any time T long enough for the exponen tial term in the denominator of Eq. 5 to become negligible for all the tissues in the heterogeneous ROI {i.e., when 
�here C*(n, C;(t), C P ' and LC are as defined above and q(n is the mass-weighted average tissue concentration of FDG in the tissue at time T estimated from the TH Model (found by numerical solution of Eq. 8, Schmidt et ai., 1991a) .
The rate constants used in Eqs. 5-7 were those deter mined specifically in the present study for each region and time interval in which rCMRglc was determined; the value of the lumped constant used was 0.52 as directly measured by Reivich et al. (1985) . Weighted average whole-brain CMRg l c was calculated as the average of the regional glucose utilization rates in the seven image planes with each rate weighted by the number of pixels in the image plane.
RESULTS
Values o f rate constants 3K Model. In every whole image plane the esti mates of the 3K Model rate constant Kj fell slightly with time, whereas the estimates of k! and kj showed much larger declines with increasing dura tion of the fitting interval (Fig. 3A) . Initially, the estimates of k! and kj decreased sharply, decreas- Values are the means ± SE for six subjects for the intervals ending between 15 and 60 min and for three subjects for the intervals ending between 65 and 120 min. B: Rate constants estimated from total tissue radio activity measured in a single representative small ROI in one subject in the interval beginning with the pulse of C8F]FDG and ending at the time indicated on the abscissa. ROI is that outlined in Fig. 2B . The estimates of k2 and k; initially fall sharply as the duration of the fitting interval is increased and tend to level off later in the experimental period, as is con sistent with the time variability expected to occur in a het erogeneous tissue. For abbreviations see the text.
ing by �65% between 15 and 60 min. With longer times after injection of the tracer, the estimates of k! and kj became more constant with time, falling an additional � 15% as the fitting interval was lengthened from 60 to 120 min. A similar pattern was observed in most of the small ROIs, i.e., a relatively constant value of Kj but estimates of k! and kj that declined with time and approached a constant value with increasing duration of fitting interval (Fig. 3B) .
4K Model. In every whole image plane, the 4K Model estimates of Kj through kj (Fig. 4A ) exhib ited the same time dependencies as the correspond ing rate constants estimated by the 3K Model (Fig.   3A ). The estimates of k! were significantly greater than zero but fell continuously, reaching a value during the 0-to 120-min interval that was <VIO that determined during the 0-to 15-min time interval ( Fig. 4A ). In the small ROIs, estimates of Kj through k! showed more fluctuation, but the trends were similar to those observed in the whole image planes (Fig. 4B ), although in some fitting intervals estimates of k! for some of the small ROIs were negative.
TH Model. Declining values of k! and kj that have been shown to result from tissue heterogeneity are approximated in the TH Model by declining ex ponential functions as k!(t) = k!A[1 + ex exp( -l3t)] and kHt) = kjA[l + ex exp( -l3t)] (Schmidt et al., 1991a) . The values of the parameters k!A' kjA' ex, and 13 estimated by the procedures described above were used to calculate the time-changing functions k!(t) and kj(t). Figure 5 illustrates the estimates of the mass-weighted influx rate constant, Kj, as well as k!(t) and kj(t) for a representative whole image plane of one subject studied for 120 min.
Goodness of fit
In every whole image plane, the decay-corrected total tissue radioactivity increased progressively throughout the experimental period, i.e., up to 120 min following the pulse of C8F]FDG; no decline in tissue radioactivity was every observed. Compari sons of the time course of total tissue radioactivity measured in one whole image plane with those es timated by the 3K, 4K, and TH Models are shown in Fig. 6A, and Fig. 6B demonstrates similar com parisons of measured versus model-predicted tissue radioactivities in one small ROI. As can be seen in Fig. 6B , measured time courses of total tissue ra dioactivity showed more scatter in the small ROIs. All models described the measured time courses reasonably well, but trends in under-and overesti mation of the measured data by the 3K and 4K Models can be seen. The 3K Model was more linear . and k: estimated with the 4K Model. A: Rate constants estimated from the total tissue radioactivity measured in one image plane in the interval beginning with the pulse of C8F]FDG and ending at the time indicated on the abscissa. Values are the means ± SE for six subjects for the intervals ending between 15 and 60 min and for three subjects for the intervals ending between 65 and 120 min. B: Rate constants estimated from total tissue radioactivity measured in a single representative small ROI in one subject in the interval beginning with the pulse of [ 18F]FDG and ending at the time indicated on the abscissa. ROI is that outlined in Fig. 2B . As was found with the 3K Model. the estimates of k2 and k; tend to initially decline with time and approach a constant value only with long experimental intervals. Estimates of k: also tend to decline with time and are highest early in the experimental period when k; is declining most rapidly; these estimates of k: may be artifactually high to compensate for the falling k;. For abbreviations see the text.
in total tissue radioactivity after � 30 min, whereas the 4K Model showed more curvature. The 4K model also exhibited a slowing rate of increase in total tissue radioactivity as well as underestimation of the total radioactivity at the end of the l20-min experimental period; this is consistent with an over estimation of the amount of [18p]PDG_6_P lost from the tissue. In the large ROIs, the TH Model pro vided the best overall fit of the measured data (see below).
Statistical comparison of goodness of fit of 3K, 4K, and TH Models. In the interval 0-45 min, the fits of the 4K Model to the measured time courses of total tissue 18p accumulation were statistically significantly better than those of the 3K Model in all of the 42 whole image planes examined (p < 0.05), and in the interval 0-60 min the fits were even more highly statistically significantly better in all 42 planes (p < 0.005). The number of whole image planes in which the fits of the 4K Model to the data were better than those of the 3K Model was slightly reduced to 20 of the 21 planes examined (p < 0.05) at 90 min and to 18 of the 21 planes (p < 0.0 1) by 120 min. The fits of the TH Model to the data were statistically significantly better than those of the 3K Model (p < 0.005) for all fitting intervals and all image planes. By the Akaike information criterion, the fits of the TH model were better than those of the 4K Model in >90% of the whole image planes in all fitting intervals. In contrast, the Schwarz crite rion showed that the 4K Model fit the data better than the TH Model at times up to 60 min; but be yond 60 min the trend reversed, and the fits of the TH Model to the data were better than those of the 4K Model in >90% of the whole image planes. It is of interest to note that it is at late times, when ef fects of dephosphorylation of PDG-6-P would be greatest, that the fits of the TH Model to the data are better than those of the 4K Model (according to both the Akaike and the Schwarz criteria). In the small ROIs both the number of regions in which the fit of the 4K Model and the number of regions in which the fit of the TH Model were statistically significantly better than those of the 3K Model in creased with time. Porty-five minutes following the pulse of eSp]PDG, the fit of the 4K Model to the data was statistically significantly better than that of the 3K Model (p < 0.05) in the 83 of the 360 regions examined (23%); this number increased to 127 of 360 (35%) at 60 min, to 96 of 182 (53%) at 90 min, and to 114 of 182 (63%) at 120 min. In most of the same regions in which the fit of the 4K Model was better than that of the 3K Model, however, the fit of the TH Model was also better; i.e., in 107 of the 182 regions (59%) at 90 min and in 115 of 182 regions (63%) at 120 min, the fit of the TH Model was better than that of the 3 K Model (p < 0.05). In 5-6% of the small ROIs, the fitting procedure for the TH Model failed to converge.
Rate of glucose utilization
Weighted average whole-brain glucose utilization calculated 45, 60, 90, and 120 min following the pulse of eSp]PDG, according to each of the three kinetic models, is given in Table 1 . Calculated CMRglc decreased slightly with time with each of the three models. CMRglc calculated with the 3K Model between 60 and 120 min and with the TH Model between 45 and 120 min ranged from 27 to 33 j.Lmolll00 g/min; these values are consistent with J Cereb Blood Flow Metab, Vol. 12, No. 5, 1992 whole-brain rates of glucose utilization ranging from 27 to 34 j.Lmo1/100 g/min that were obtained in numerous studies employing the nitrous oxide (Kety-Schmidt) technique in humans under physio logical conditions (Sokoloff, 1960) . The median of the reported values of whole-brain glucose utiliza tion rates was 31 j.Lmoll100 g/min (Sokoloff, 1960) . Whole-brain glucose utilization calculated on the basis of the 4K Model ranged from 37 to 45 j.Lmoll 100 g/min, >20% higher than the median value ob tained with the Kety-Schmidt method. Table 2 compares the average of the individual rCMRglc values, calculated in each of the small ROIs covering the image plane, with the average rCMRglc calculated for the image plane as a whole treated as a single ROI. Because the rate constants used were those specific to each ROI, rCMRglc cal culated for the whole image plane does not equal the average of the rates calculated in the smaller regions. rCMRglc calculated with the 3K Model was not affected by the size of the ROIs, but the 4K Model produced slightly, although not significantly, lower values of rCMRglc when smaller ROIs were examined. Since there is no independent method for determining regional rates of glucose utilization, such as the Kety-Schmidt method for determining whole-brain glucose utilization, there is no standard value with which to compare rCMRglc calculated in a single image plane. It can be seen from Table 2 , however, that even the lowest estimate of average rCMRglc calculated with the 4K Model in the small ROIs was 37 j.Lmoll100 g/min determined 120 min following the pulse of eSp]FDG. The plane chosen represented � 18% of the total brain volume exam ined; the average rate of glucose utilization in the small ROIs in all the other brain slices would there fore need to be 30 j.Lmoll100 g/min to attain a whole brain weighted average of 31 j.Lmo1/100 g/min. It is extremely unlikely that we would find <3% differ ence between rCMRglc calculated in the large ver sus small ROIs in this particular cross-section of brain and yet find a >20% difference between cal culated rCMRglc in large and small ROIs in all other image planes. It is much more likely that rCMRglc calculated with the 4K Model remains overesti mated even in the smaller ROIs.
DISCUSSION
It is generally overlooked that the kinetic models in current use for the measurement of rCMRglc in humans with eSF]FDG and PET apply only to ho mogeneous tissues. Many investigators have exam ined these models for the influences of various sources of error on the calculated rates of glucose A. Whole Image Plane FIG. 6. Comparison of the mea sured total tissue radioactivity with that estimated with the 3K, 4K, and TH Models in one image plane (A) and in a small ROI that is 1.6 cm in diameter (B). The image plane is parallel to and 4.5 cm above the orbitomeatal line; the small ROI is located in the superior temporal gyrus (Fig. 28 ). Although all models described the measured time course reasonably well, trends in under-and overestimation of the measured data by the 3K and 4K Models are clearly seen. The 3K Model is more linear in total tissue radioactivity after -30 min, whereas the 4K model shows more curvature. The 4K Model, however, tends to un derestimate the total radioactiv ity at the end of the 120-min ex perimental period; this may be due to an overestimation of the amount of [ 18F]FDG-6-P lost from the tissue. The TH Model provides the best overall fit of the measured data. For abbrevi ations see the text. utilization (e.g., Huang et al., 1981 ; Hawkins et aI., 1983; Wienhard et aI., 1985; Evans et aI., 1986; Ja gust et aI., 1986; Brooks et aI., 1987) , but in each of these studies neither incompleteness of the kinetic model to account for tissue heterogeneity nor inac curacies in the model, such as inclusion of a first order rate constant to describe dephosphorylation of [18F]FDG-6-P, have been considered. There is no evidence demonstrating significant effects of glu cose-6-phosphatase activity during short experi mental periods or first-order loss of e8F]FDG-6-P over long experimental periods. In fact, the intra- Kety-Schmidt Techniquea
31
Regional glucose utilization was determined in each of the seven image planes with the rate constants determined for that plane from the total tissue radioactivity in the interval from the pulse of [18F1FDG until 45, 60, 90, or 120 min. CMRglc for each subject is the weighted average of the regional glucose utilization in the seven image planes. Values are means ± SD for the number of subjects indicated. For abbreviations see the text. a Median value from the literature (Sokoloff, 1960) .
Time (min)
cellular compartmentation of the hexose phos phates and glucose-6-phosphatase would ensure that first-order kinetics would not occur (Schmidt et aI., 1989) . Herholz and Patlak (1 987) have reported that the errors in studies of cerebral glucose utiliza tion with [lsF]FDG due to heterogeneity could be expected to be small (�3%) when differences be tween fitted parameters and true mean parameter values are small; errors that occur due to large dif ferences between fitted and true parameter values, such as might be encountered when tissues as ki netically different as gray and white matter are in cluded in the ROI, could be expected to be much greater.
We have shown, both in simulation studies (Schmidt et al., 1991 a) and in the current PET study, that when homogeneous tissue kinetic mod els are applied to a heterogeneous tissue, large dif ferences occur between the estimated and true weighted averages of the rate constant for efflux of eSF]FDG from the tissue (kD and the rate constant for phosphorylation of e8F]FDG (kj). Estimates of k! and kj initially decline with time and become constant and equal to their true mass-weighted av erage values only with long experimental periods.
In simulation studies, estimates of the rate constant k;t for dephosphorylation of eSF]FDG-6-P were For each subject regional glucose utilization was determined in each of the small circular ROIs 1.6 cm in diameter, 6.75 mm thick, covering a single image plane . Rate constants used were those determined specifically for each ROI in the time interval from the pulse of eSF)FDG until 45, 60, 90, or 120 min . The weighted average value for the plane was then determined for each subject; the value in the table is the mean ± SD for the number of subjects indicated. For abbreviations see the text. a A total of 360 ROIs were included in the average for the intervals 0-45 and 0--60 min; 182 ROIs were included in the in tervals 0--90 and 0--120 min .
b Whole image plane rCMRgl c is the rate determined for the single ROI consisting of the entire transaxial plane; rate con stants were those determined specifically for the whole image plane from the total tissue radioactivity in the interval from the pulse of [lsF1FDG until 45, 60, 90, or 120 min. Values are means ± SD for the number of subjects indicated.
C A total of 171 ROIs were included in the average for the interval 0--90 min and 172 ROIs in the interval 0--120 min. In the remaining 5-6% of the ROIs, the fitting procedure for the TH Model failed to converge . This may be due to overparameteriza tion of the TH Model in homogeneous tissues. ND, not determined.
shown to be artifactually high to compensate for the declining kj (Schmidt et ai., 1991 a) , and in the cur rent study the estimates of kt fell continuously as the length of scanning increased, at least up to 120 min following a pulse of eSp]PDG. In large ROIs the estimates of kt fell most sharply in the very short experimental periods, exactly when the esti mates of kj were also declining most rapidly; this would be expected if high estimates of kt resulted more from tissue heterogeneity than from loss of eSp]PDG-6-P. Use of any kinetic model that fails to account for heterogeneity of the tissue may there fore lead to large errors in the estimates of model rate constants in experimental periods too short for all the tissue pools to have reached equilibrium or steady state with the arterial plasma. The multiple-time graphical analysis technique of Patlak et al. (1983 Patlak et al. ( , 1985 has the advantage that it applies equally well to heterogeneous and homoge neous tissues (Mori et aI., 1990) . This technique is based on the premise that, following a period of equilibration between tissue and plasma, the appar ent distribution space of the tracer, when plotted versus the normalized plasma integral of tracer, will increase linearly as long as there is no product loss.
J Cereb Blood Flow Metab, Vol. 12, No.5, 1992
The slope of the linear portion of this graph is di rectly proportional to rCMRglc• It should be noted, however, that either lack of equilibration of any of the tissue pools in the ROI with the arterial plasma or loss of metabolic products may cause downward curvature of the graph. Application of this tech nique to the problem of determining rCMRglc has been limited by the inability to determine objec tively an appropriate linear segment of the curve; both a starting time after which all the tissue pools can be considered to have sufficiently equilibrated with the arterial plasma and an upper time limit be fore product loss occurs must be defined. Lam mertsma et al.
( 1 987) examined the effect of the assumed equilibration time, i.e., the start time of the analysis, on the curvature of the Patlak plot and found downward curvature in the graph of normal ized whole-brain tissue radioactivity for all time in tervals between 1-50 and 38-50 min following the pulse of eSp]PDG. They interpreted this as evi dence for loss of product, but overlooked the fact that equilibration of all the tissue pools in the brain may not yet have occurred even >30 min after in jection of the tracer. In the current study, the find ing that estimates of the rate constant kj did not become relatively constant until >60 min following the pulse of eSp]PDG (Pig. 3) may indicate that some of the tissue pools do not approach equilibra tion with the arterial plasma until much later than previously assumed. An analysis of the impact of incomplete equilibration on values of rCMRglc de termined by the graphical analysis method of Patlak et al. (1 983, 1985) will be reported separately.
It is a common misconception that goodness of fit of the total time course of tissue accumulation is a measure of the validity of the value for the com puted regional rate of glucose utilization. The re sults of the present study have shown, however, that goodness of fit alone cannot be used to select the most appropriate kinetic model and correspond ing operational equation with which to calculate glucose utilization. In many ROIs and in many time intervals, the fit of the 4K Model to the data was statistically significantly better than that of the 3K model, yet use of the 4K Model led to overestima tion of glucose utilization. The TH Model described the time course of measured radioactivity at least as well as and often better than the 4K Model despite the TH Model's lack of any terms to describe de phosphorylation of eSp]PDG-6-P. The fact that the time course of total radioactivity can be described without any assumption of dephosphorylation of eSp]PDG-6-P leads to the conclusion that the better fits of the 4K Model, when compared with those of the 3K Model, and high estimates of kt do not nec-essarily mean either significant phosphatase activ ity or product loss. Use of the TH Model provided both a better fit of the time course of total tissue radioactivity and more accurate values of rCMRglc.
The goal of PDG/PET studies is, however, nei ther to measure rate constants of kinetic models nor to fit the time course of measured tissue radioactiv ity; it is to measure regional rates of glucose utili zation. All of the models used in this study pro duced calculated rates of glucose utilization that de clined slightly with time. The decline in rates of glucose utilization calculated with the 3K Model may be due to estimates of the rate constants k! and kj that are higher than their respective mass weighted averages, especially 45 and 60 min follow ing the pulse of [lsp]PDG, as illustrated in Pig. 3.
Overestimates of k! and kj lead to an underestima tion of the free [18p]PDG in the tissue and hence to an overestimation of the rate of glucose utilization. Some loss of metabolic product may also contribute to the decline in calculated CMRglc, and it is impos sible to separate the effects due to errors in the rate constants from those due to product loss. The TH Model attempts to control for the effects of tissue heterogeneity and the decline in the effective rate constants k! and kj , but with this model as well rates of glucose utilization declined somewhat in time. The TH Model, like the other kinetic models, is only an approximate description of the complex processes going on in the tissue and does not pro vide a perfect description of the kinetics of eSp]PDG uptake and metabolism. Nonetheless, both the 3K and the TH Models provided weighted average whole-brain glucose utilization rates that were reasonably close to those determined by the model-independent Kety-Schmidt technique. There is no significant difference between the rates of glucose utilization determined with the 3K Model at 90 and 120 min (one-way analysis of variance), nor is there any significant difference among the rates determined with the TH Model at 60, 90, and 120 min. Inclusion of a first-order rate constant to describe an apparent dephosphorylation of eSp]PDG-6-P does not improve the accuracy of the calculated rates of glucose utilization; CMRglc was consistently overestimated when calculated with the 4K Model.
It has been assumed that the use of dynamic stud ies to determine rate constants in each individual patient in each brain region is the most accurate way to determine rCMRglc (see Baron et aI., 1989 ).
In the current study we have shown that using the rate constants determined specifically for each sub ject in both large and small ROIs leads to an over estimation of whole-brain CMRglc when a model in-cluding dephosphorylation is used, even with ex perimental periods as long as 120 min following the pulse of eSp]PDG. Inasmuch as this is expected if k! is overestimated due to tissue heterogeneity, it also points out that even regions as small as one can quantify accurately, in this case -1.35 cm3, still exhibit a great deal of heterogeneity. Almost no ROI in a PET study, even with scanners that have a resolution of 4-5 mm PWHM, contains a purely homogeneous tissue, and most regions contain a mixture of such kinetically different tissues as gray and white matter; this can be clearly seen in a com parison of PET and magnetic resonance images (Pig. 2B). Although correlation of the PET and mag netic resonance images can be used to determine the proportion of gray and white matter in a partic ular ROI, more information is needed to character ize the kinetic behavior of a mixed tissue : In addi tion to the relative tissue masses, the relative rates of blood flow, transport, and metabolism of each of the constituent tissues determine the kinetic behav ior of the heterogeneous tissue as a whole.
Tissue heterogeneity is clearly the situation nor mally encountered in all PET studies, not only in eSp]PDG studies to determine glucose utilization rate, but also in studies of cerebral blood flow, ox ygen consumption, and receptor binding. In each case the effect of tissue heterogeneity on the deter mination of the function or process of interest must be taken into consideration when interpreting the results of the study. In determination of glucose utilization, the kinetic model that explicitly takes into account the tissue heterogeneity provides val ues for whole-brain glucose utilization that are con sistent with those determined by the model independent Kety-Schmidt technique. The 3K Model also provided comparably reasonable values at -90 min following a pulse of [lsp]PDG, but glu cose utilization was consistently overestimated with the 4K Model. Due to the relative simplicity of the calculations with the 3K Model, it remains the model of choice for determining rates of glucose utilization for experimental periods sufficiently long that the effects of tissue heterogeneity become neg ligible, but short enough for effects of loss of prod uct to remain insignificant. Purther studies are un derway to specify more definitively the optimal time interval for accurate determination of glucose utilization rates with [lsp]PDG in normal humans.
